The influence of the physical isolation of inner and outer divertor volumes by a septum plate of the Mk-II gas box divertor, thus increasing divertor closure and neutral compression, on the plasma and divertor performance has been studied at the Joint European Torus (JET). The septum plate was installed in 1999, together with the original Mk-II gas box divertor, and was then replaced by a simple protection plate in 2001. This removal reduced the closure of the divertor by opening a line of sight path for neutrals to travel between the inner to the outer divertor volumes. Comparison of identical discharges with and without the septum thus provides direct evidence on the effect of divertor closure on plasma behaviour. With this aim, following septum removal, several dedicated L-mode and Hmode discharges have been performed, in each case repeating earlier discharges when the septum was still in place. In each case, the fuelling location was varied between the inner outer divertor and the main chamber, and difference in detachment in the inner and outer divertor were studied. Under Lmode conditions, differences in detachement dynamics were indeed observed between closed (with septum) and open (without septum) divertor configurations, although the differences were only significant in the medium density range. In contrast, the ultimate density limit was not affected, being determined in each case by the formation of a wall MARFE, rather than an X-point MARFE. Under H-mode conditions, the differences were more subtle. Although the ion fluxes to the targets were unaffected, the target electron temperatures were found to be lower in the closed divertor configuration.
INTRODUCTION
The detached divertor operation is an essential part of all ITER relevant scenarios [1] . Divertor detachment is essential to increase the lifetime of the target plates as well as minimizing the release of impurities from the target plates. A gas target created in a closed divertor is thought to lead to detached divertor plasmas already at modest upstream electron densities. In addition it should lead to a radiative divertor, dissipating all convective power in the SOL before reaching the target plates. It is thought that a closed (deep) divertor would be advantageous for detachment at modest upstream densities and is therefore also the basis for the ITER design. An overview on the effect of the divertor geometry on tokamak plasmas can be found in [2, 3] . At JET the divertor was successively closed over the years from the very open Mk-I (1994 Mk-I ( -1996 , the more closed Mk-IIA and Mk-IIAP with plugged leakage paths (1996) (1997) (1998) to the very closed Mk-II gas box divertor (Mk-IIGB) [3] . In the Mk-IIGB the inner and outer divertor strike zones are separated from each other by a dome, so-called septum at JET, in the centre of the horizontal target plates, which makes the penetration of neutrals from one to the other divertor side more difficult. Depending on the magnetic configuration, this dome might disable any ion fluxes in the private flux region from one divertor side to the other. In ITER this dome will accomodate the entries to the divertor cryo-pumps and protect a set of plasma diagnostics from the plasma, but will deliberately not disable the penetration of neutrals from one to the other side.
The main outstanding questions are related to the detachment process. Does the septum increase the detachment for a given upstream density? Does the septum influence the difference in the detachment between inner and outer divertor leg, the so-called differential detachment? At JET it was observed that the inner divertor detaches more strongly than the outer divertor [4] . Although this asymmetric detachment behaviour took place in all divertors Mk-I, Mk-IIA, Mk-IIAP [5] and Mk-IIGB, open and closed one, the question remains if a free path of neutrals in the private flux region has an influence on this aysmmetry. It is also absolute necessary to understand the detachment process, in particular the asymmetric behaviour, together with detailed modelling of the boundary plasma, to enable reliable predictions for ITER. This paper provides data on the effect of septum removal in JET on the detachment process in various confinement regimes. Most easily the detachment process can be studied in L-mode plasmas free from re-occuring short lived instabilities in the edge, like the so-called Edge Localized Modes (ELMs) [6] . After this introduction the experimental set-up is outlined in the 2nd section. In the third section the detachment process in L-mode density limit discharges is described. In the fourth section the influence of the septum removal on H-mode [7] discharges is described. Finally a discussion follows in the fifth section.
EXPERIMENTAL SET-UP

MAGNETIC CONFIGURATIONS AND DIVERTOR STRUCTURE
The following experiments were performed to characterize the divertor. For this purpose magnetic configurations have been chosen which minimize the plasma interaction with the main chamber.
Hence all configurations have a large wall clearance. They are also mostly low average triangularity configurations (δ ≤ 0.25). Exceptions are related to the investigations of the septum removal on the plasma performance.
The first set of experiments discussed here were carried out in 2000 and 2001 to characterize the Mk-IIGB with septum. Experiments were performed with deuterium gas fuelling from the inner or outer divertor to characterize the detachment behaviour as a function of fuelling location. The plasma was fuelled into the private flux region and/or the Scrape-Off Layer (SOL). Both strike points were located on the lower vertical targets, similar to ITER divertor configurations. It should be noted that in JET the entrance of the pump ducts is in the corner between the vertical and horizontal targets. This is different to ITER, where pumping is underneath the dome (septum) opposite of the divertor strike zone on the lower vertical target. Some JET plasmas were also investigated in the corner configuration, where the strike point is on the horizontal target close to the entrance of the pump ducts, as further described below. The low vertical target configuration minimizes the distance between the X-point and the septum, thus discouraging the communication of neutrals between the inner and outer divertor. As a comparison to those detachment studies in the low vertical target configuration within a closed divertor, experiments were also carried out with and without septum but with the so-called septum replacement plate (Mk-IISRP). Experiments which were carried out before septum removal were repeated in the same magnetic configuration. Emphasis was given to experiments in the low vertical target configuration. This septum replacement plate was exchanged for a load bearing septum replacement plate in the 2004 shutdown of JET (Mk-IIHD) enabling magnetic configuration with ITER-matched triangularity, which are out of the scope of this article.
DIAGNOSTICS
For the characterization of the plasmamany diagnostics were used, themost important of them of course the divertor diagnostics especially the target Langmuir Probes. In the following all important diagnostics used here are shortly described:
• Bolometry. The 51 channel bolometry system is used for the derivation of the total radiated power as well for the spatial distribution of the total radiated power derived by tomography methods [8, 9] .
• Interferometry provides central line-averaged density and edge (main chamber) lineintegrated density [10] .
• Core Charge Exchange Resonance Spectroscopy provides impurity density profiles in the plasma core [11] .
• Divertor target Langmuir Probes provide the ion saturation current (hence the ion fluxes to the target), the electron temperature and the electron density at the target.
• Lithium beam diagnostic for the evaluation of the upstream electron density profiles [13] .
• Pressure gauges provide measurements of sub-divertor pressure and in the outer divertor of the private flux region [14, 15] .
• Spectroscopy is used for deuterium and impurity monitoring, derivation of deuterium and impurity fluxes and the derivation of Z eff in the plasma core [16] .
• 2D-visible light cameras providing spatial distribution of D and CIII radiation in the divertor after tomographic reconstruction of the tangential view [17] .
EFFECT OF SEPTUM REMOVAL ON THE DETACHMENT IN L-MODE DENSITY
LIMIT DISCHARGES
GENERAL DESCRIPTION OF THE L-MODE DENSITY LIMIT IN THE MK-IIGB DIVERTOR
In a tokamak plasma the maximum achievable density is limited [18] . A too high density will result in a violent end of a discharge, a disruption [19] . The mean density is limited due to destabilizing processes at the edge, and because of density profile resilience the central density is limited by the maximum possible edge density. A specific edge phenomenon has been observed preceeding disruptions, a so-called MARFE (multifaceted asymmetric radiation from the edge), which is a zone of high radiation, develops [20] . Tomographic reconstructions of the total radiated power show in the attached case strong radiation at inner vertical target, which vanishes with continous gas puffing, leading then to a more symmetric radiation distribution around the X-point before finally an X-point MARFE develops. The total radiated power just before the X-point MARFE formation is 70% (derived from an approximate integration) respectively 90% (derived after tomographic reconstruction). The X-point MARFE is stable for some time but grows in radiation intensity and finally moves poloidally upward on the high-field-side. At the end a MARFE at the inner wall develops, which finally leads to a disruption (see figure 3 ). The radiation of the X-point MARFE is located primarily within the separatrix (see figure 4 ).
The onset of the X-point MARFE correlates with the detachment of the divertor plasma [21] , and more specifically with the detachment of the inner divertor [4] . By detachment a pressure drop along the field lines in the SOL (momentum detachment) is usually implied. In addition, power starvation due to excessive radiative power levels can lead to detachment. Momentum detachment is expected to occur at temperatures of T e ≤ 5eV, where charge exchange and elastic collisions become effective and dominate over ionization processes. However, details in the penetration depth of the neutrals might lead to momentum detachment at higher temperatures. And since the charge exchange and elastic collisions depend also on the neutral pressure at the target, an influence of the fuelling location and maybe septum is expected to play a role in the detachment process. Partial (only in the flux tube at the strike point) and complete detachment (over the whole divertor target) starts only at very low electron temperatures T e ≤ 1.5eV through the effect of recombination. When the electron temperature reaches those low values the plasma virtually loses contact with the target plates.
At JET it was observed that when the X-point MARFE forms the ion fluxes to the target are reduced by an order of magnitude [4] . On the basis of those empirical findings a general approach for the characterization of the divertor detachment was developed at JET [4, 22] . This criterion, the Degree of Detachment (DoD), compares the expected ion flux into the divertor I s scal for attached conditions, as derived from a simple 2-point model, with the actual measured ion fluxes onto the divertor targets (derived from the ion saturation current to Langmuir probes) I s . When the deviations between both are larger than certain values, the divertor is defined to be detached. The expected ion saturation current scales like I s scal α n e 2 /(1-f rad ), with frad being the radiative power fraction [22] .
Here it is assumed that electron density at the stagnation point in the scrape-off-layer scales linearly with the central line-averaged density ne. If the DoD = I s scal /I s scal is larger than 2 for the peak ion flux and larger than 10 for the integrated ion flux to the whole target, the divertor is considered to be completely detached [4] . The divertor is considered partially detached, if the peak ion flux is already decreased signficantly (DoD ≤ 2) but the DoD for integrated ion flux is lower than 10. It is important to note, for the investigations of H-modes, that for high frequency ELMs the time in between ELMs of 3 ms still significantly larger than the particle dwell time in the SOL (0.4-1 ms).
This means that the SOL is equilibrated in between ELMs, which is a pre-requisite for the application of the 2-point model in the conduction-limited regime. Hence the citerion on detachment (DoD)
can also be used for ELMy H-modes up to ELM frequencies of about 300Hz. Examples of the DoD for L-mode density limit discharges are shown in figure 7 . The final process is similar to density limits in limiter tokamaks [23] . A MARFE on the highfield-side develops and finally a m/n = 2/1 tearing mode develops, which leads eventually to the disruption. Since it was found in limiter tokamaks [24] that the onset of the Wall MARFE depends on the distance of the Last Closed Flux Surface (LCFS) to the inner wall, dedicated density limit experiments with a high clearance plasma configuration (1.7MA/ 2.4T, P NBI = 2MW) and different gaps to the inner wall have been carried out. Figure 5 shows the critical density for the development of the X-point MARFE and the critical density for the occurance of the Wall MARFE. The distance from the LCFS to the inner limiter has been varied between 2 and 12cm (blue symbols). Independent of the wall clearance the X-point MARFE forms always at the same density (n e ≈ 4.
whereas the critical density for the occurance of the Wall MARFE is 20-30% higher at distances larger than 9cm. At low distances to the inner wall no difference between the appearance of the Xpoint MARFE and the Wall MARFE can be identified. Those results are in line with results obtained at TEXTOR [23] , where the density limit in L-mode discharges was found to depend on the inner wall clearance and is thought to be a result of a recycling instability [25] . Furthermore measurements of the upstream density profiles in theMk-I divertor clearly illustrate the increasing electron density far in the SOL, as the density limit is approached [4] . This increased electron density in the far SOL is thought to be linked to strong interchange driven turbulence [26] .
As shown in limiter tokamaks [27] , the threshold for the development of the recycling instability and hence the Wall-MARFE depends on the impurity release on the inner wall. One open question with respect to the recycling instability was: Do ion fluxes to the inner limiter or charge exchange losses contribute to the development of this recycling instability? To answer this question, measurements of the CII emission (and hence the carbon fluxes) at the inner bumper limiter and the inner wall have been carried out. This CII emission is derived spectroscopically after a Zeemananalysis and is thus a local measurement of the emission on the magnetic high-field-side [28, 29] .
In figure 9 it is shown that the CII emission from the inner wall (and thus the flux from the inner wall) does not depend on the inner wall clearance. On the other hand the CII emission from the inner limiter depends strongly on the distance of the LCFS to the limiter, demonstrating that the ion fluxes are dominant on the high-fieldside plasma wall interaction in L-mode plasmas and not the impurity production by charge exchange losses.
INFLUENCE OF WALL TEMPERATURE
When going from the open Mk-I divertor to the more closed Mk-II divertor, it has been found that the L-mode density limit was decreased [30] . But simultaneously the wall temperature was increased for redeposited carbon targets under the impact of hydrogen atoms is expected to drop by about a factor of 2 in the above described temperature range [32] . This is in agreement with the reduction of the CD band emission (figure 6). Though no change of carbon release was observed in the outer divertor. This is reflected by the CIII/D α ratio and the CD/D ratio in figure 6 .
Similarly the carbon release in the main chamber is hardly influenced by the reduction in wall temperature. There is not much difference in the detachment process between those two discharges.
The rollover of the ion saturation current happens just at about 10 % higher density at low wall temperature, but clearly the divertor can reach a much higher DoD (factor 4 larger) with cold walls.
So it seems that the local release of carbon in the inner divertor influences the X-point MARFE formation. Since the other divertor target parameters (T e , n e , p e ) are quite similar, an effect of the local released carbon on the parallel heat flux q || can be excluded.
In the following all studies on the divertor closure and the effect on the septum are related to a wall temperature of 200 o C, meaning a divertor tile temperature of 140 o C.
COMPARISON OF OPEN AND CLOSED DIVERTOR CONFIGURATION IN THE
MK-IIGB DIVERTOR
In order to study the influence of the septum on the density limit a gas location scan in open (vertical target, strike point at 22cm) and closed (vertical target, strike point at 5cm) divertor configurations was performed. The plasma (1.7MA/2.4T, high clearance magnetic configuration) was heated by ≈ 2MW NBI. Figure 7 shows the line-averaged densities for 3 different discharges, in which the D-fuelling was varied. When puffing deuterium from the inner divertor the onset of the X-pointMARFE formation is at 10%lower central line-averaged densities, when compared to identical discharges with deuterium fuelling from the outer divertor. The same is true for the edge line-averaged density.
Fuelling from the inner divertor leads to a strong asymmetry of the total ion fluxes on the divertor targets. The ratio between the outer and inner ion flux just before the onset of the X-point MARFE is about a factor of 10, when deuterium is fuelled from the inner divertor (see also figure 19 ). This ratio is significantly lower, when deuterium is fuelled from the outer divertor (factor of about 4).
In figure 7 the DoD is plotted for individual divertor Langmuir probes. Puffing from the inner divertor leads to an early detachment of the inner divertor and later detachment, meaning at higher densities, of the outer divertor. The detachment at the inner divertor develops more gradually than the outer. The peak ion flux as well as the total ion flux reduces with increasing density. In contrast the total ion fluxes at the outer divertor only experience a roll-over when the X-point MARFE is
formed (see figure 7a bottom traces at 24.2s). Figure 7b shows that the separatrix detaches earlier (partial detachment), however the SOL is completely attached until the X-point MARFE forms (in this discharge at 25.2s).
Puffing in the outer divertor moves the rollover of the ion fluxes to the inner divertor towards higher densities. The detachment of the inner divertor is more symmetric to the detachment of the outer divertor, meaning both divertor legs detach very similarly. The X-point MARFE forms at a 10% higher density. As can be seen in figure 7 the erosion of the ion saturation current profile starts at the separatrix in line with measurements in former divertors on the vertical targets [4] . The onset of the X-pointMARFE is determined by a detachment of DoD peak ≥ 2 (with DoD peak being determined by the flux tube with the highest ion saturation current), which is in good agreement with measurements in Mk-I and Mk-II divertors [4, 5] . The sudden drop of I S at the MARFE formation is an indication of loss of convective power to the target plates approaching 100% total radiated power fraction.
By moving the strike point position to z = 22cm an open divertor condition without septum can be simulated. All gas inlets are now located in the private flux region. Figure 8 shows that the Xpoint MARFE onset is at 15% higher densities in the open divertor configuration in comparison to the closed divertor configuration. This is true for the central line-averaged density as well as for the edge line-integrated density. The sub divertor pressure shows also no difference, indicating the insensitivity of subdivertor pressure on the vertical target position of the strike zone. Logically the onset of the X-point MARFE does not depend on the location of the deuterium fuelling in the divertor. The difference in the densities at the onset of the X-point MARFE is less than 5% (see figure 9 ) between inner and outer divertor fuelling. Only the main chamber fuelling leads systematically to a higher density at the X-point MARFE onset, regardless of closed or open divertor configuration (see figure 9 ). But regardless of the differences in the X-point MARFE onset the formation of the Wall MARFE happens for the same magnetic configuration always at the same density. As can be seen in figure 9 point MARFE at the same density, but the onset of the wall MARFE and thus the density limit differs by almost 30%.
COMPARISON OF MK-IIGB AND MK-IISRP DIVERTORS
Divertor fuelling
In figure 10 two density limit pulses with and without septum are shown. The discharge was fuelled from the inner divertor until the disruptive L-mode density limit occured. The onset of the XpointMARFE, which is a precursor to the ultimative density limit, appears for both discharges at the same density. Generally, Z eff is slighly higher (by about ∆Z eff ≈ 0.2) in pulses where the septum has been removed.
As shown above, puffing in the inner divertor of the Mk-II gas box divertor with septum leads to a completely detached inner divertor, whilst the outer divertor remains attached until the X-point MARFE forms. This reduces the density of the onset of the X-point MARFE slightly. A comparison of the two density limit discharges with fuelling from the inner divertor with and without septum was performed. The plasma (1.7MA / 2.4T, high clearance, low vertical target (5cm) magnetic configuration) was heated with 2MW NBI. Figure 11 shows this comparison. The DoD is plotted for individual divertor Langmuir probes.
Puffing from the inner divertor leads to an early detachment of the inner divertor and late detachment of the outer divertor. The detachment process is very similar to the one with septum. As can be seen in figure 11 the erosion of the ion saturation current profile starts at the separatrix, indicated by the DoD strike The onset of the X-point MARFE is determined by a detachment of DoD peak ≥ 2, with DoD peak being determined by the flux tube with the highest (peak) ion current at the outer divertor target. At the inner divertor strike zone a slight difference between the discharge with and without septum can be noticed. With septum the X-point MARFE forms at a DoD at the inner divertor,
which is approximately a factor of 2 higher as compared to the discharge without septum. Whereas at the outer divertor the DoD at the strike zone is marginally lower with septum. But at the formation of the X-point MARFE no difference in the outer divertor detachment is observed. Generally it is surprising that there is not more difference in the detachment process, since one would expect a distribution of the neutral influx from the inner private flux region to the outer divertor. However, the outer divertor remains also without septum attached until the X-point MARFE forms.
A closer look to the divertor values reveals that although the X-point MARFE onset and the detachment just prior the X-point MARFE onset is very similar to the case with septum, the absolute values of the ion saturation current, the target electron temperature and the target electron density are significantly different at lower densities at the inner divertor. Figure 12 shows the ion saturation current at the inner divertor target and the outer divertor target in the density range of 3. . Clearly, a significant difference on the inner divertor target at lower densities can be seen. With septum the ion saturation current is about a factor of 10 lower than in the case without septum. At higher densities, approaching the X-point MARFE onset this difference is diminishing. At 3.8×10 19 m -3 the ion saturation current at the inner target is virtually zero, and hence we confine ourselves in the further illustrations to densities below that. The ion saturation current on the outer divertor target does not show any difference though. Within the error bars the ion saturation current profiles with and without septum are the same on the outer target.
The electron pressure (see figure 13 ) on the inner divertor target behaves quite similar to the ion saturation current. The pressure difference at n e = 3.2×10 19 m -3 is even more than a factor of 10 with the septum. On the outer target some difference in the electron pressure between the septum and without septum case can be observed. This is mainly due to the change in electron temperatures as can be seen below (figure 14). At low densities n e = 3.2×10 19 m -3 the electron temperature in the discharges without septum is about a factor of 10 higher than in the case with septum. It even seems like that the electron temperature in the case with septum is already at low densities in the temperature range of 4eV as low as in the case of the completely detached divertor. However, electron temperatures of less than 2eV are usually only reached, when the X-pointMARFE is formed [34] indicating a recombining plasma. At the outer divertor target the electron temperature is generally lower in the case with septum.
The target electron density shows less differences (see figure 15 ). At the inner divertor target a difference of a factor of 4 is noticed. On the outer divertor target again no difference between the discharges with and without septum is noticed.
This principle behaviour, with septum/without septum, of the detachment is confirmed by tomographic measurements of the D α and CIII radiation in the divertor for inner divertor fuelling.
The D α measurements show clearly how the inner divertor detaches with increasing density, while the outer divertor stays attached. It also shows generally good agreement with the profiles of the ion saturation current in the inner divertor, demonstrating that the highest flux, the maximum in the ion fluxes, is several cm within the SOL on the target and not at the magnetic strike point of the inner divertor. The figure 16 also shows how far the ionization front moves up-stream. At a density of n e = 3.8×10 19 m -3 just before the X-point MARFE onset the maximum of the D α radiation is at about 16cm within the plasma and the penetration depth of the neutral deuterium atoms is about 25cm, measured along the separatix in the poloidal (R-Z) plane! This has to be compared to the distance of the X-point from the strike point, which is at 34cm. At the outer divertor the highest ion flux is at the strike zone for lowest electron densities. The CIII radiation is located in the outer divertor and moves up to the X-point with increasing density.
This is a result of the cooling of the outer divertor and the CIII radiation front movesupstream to higher temperatures. Both the radiation distribution of D α and CIII behaves similarly for discharges with and without septum. The only difference is seen at high densities in the CIII radiation. It seems that the plasma has some contact with the septum dome. However, this could be also an artefact of the reconstruction, since no D α light is located close to the septum dome.
From the above measurements it appears that in the case with septum the inner divertor is always partially detached, when fuelled from the inner divertor. When fuelled from the outer divertor the partial detachment can be delayed to higher densities. On the other hand, without septum the inner divertor stays in a high recycling regime up to a density of n e ≈ 3.3×10 19 m -3 . This is confirmed by the rollover of the target electron pressure at this density for the case without septum. without septum for a density range of n e = 2.6-3.8×10 19 m -3 . This difference in the neutral pressure might explain partly the difference in the detachment behaviour. In particular the reduction of the electron temperature and hence the electron pressure at the outer target can be explained by this.
Clearly momentum loss can be observed, possibly due to enhanced CX-processes for this increased neutral pressure.
Without septum the fuelling location scan in the divertor has been repeated. No significant difference in the density limit has been observed. However some differences in the detachment occurred. Figure 19 shows the ratio between the ion fluxes into the outer divertor to the total ion fluxes into the divertor versus the line-averaged density for different fuelling scenarios. Compared are discharges with fuelling into the inner divertor private flux region with fuelling into the outer divertor private flux region. As already shown above for all densities the fluxes to the outer divertor are higher than to the inner divertor target. With increasing density this ratio grows. Without septum all those asymmetries do not become so much different with increasing density though. Generally without septum the asymmetry (ratio) is also higher in the case for inner divertor fuelling. But the most significant difference is at lower densities. Whereas for discharges with septum or without septum and inner divertor fuelling or without septum and outer divertor fuelling the ratio J outer /J total is about 0.75, discharges with septum and outer divertor fuelling can have a symmetric flux to both divertor targets at low densities. Also the rollover of the outer total ion saturation current happens at the lowest density for all cases: n e = 3.5×10 19 m -3 .
But the discharges considered above were strongly fuelled from the divertor, leading to high fluxes in the inner divertor and reduced onset of the X-point MARFE, probably due to a "premature" to the neutral density in the divertor. It also increases significantly the ion-neutral collisionality (charge exchange and elastic collisions). Due to the short fall-off length of n e , T e in the private flux region (a few millimeters, see profiles in [4] ), neutrals injected in the private flux region can penetrate easily to the separatrix in the region upstream between the inner divertor strike point and the Xpoint. This leads to efficient momentum detachment of the inner divertor. A beneficial effect of the septum could also be, that the fall-off length is even shorter, since the flux surfaces in the private region between the inner and outer divertor are intercepted by the septum.
Main chamber fuelling
With the inner divertor fuelling it was not possible to access a low recycling regime. Hence, detachment was also studied in main chamber fuelled discharges. As shown above, the onset of the X-pointMARFE can be delayed to higher densities by about 20%, by puffing D into the main chamber. No significant difference in the density limit with and without septum for main chamber fuelling was observed. The onset of the X-point MARFE appears at similar densities for both cases
at n e = 4.3×10 19 m -3 .
In the following details of the j sat , P e , n e and T e profiles on the inner divertor target are discussed.
At low densities of n e = 2.6×10 19 m -3 the difference in the ion saturation current is small (see figure   20 ). For those low densities the electron pressure shows a difference and is a result of the lower electron temperature with septum (see figure 21 ), since the electron density profile is quite similar with septum and without septum. This indicates that already at densities of n e = 2.6×10 19 m -3 the inner divertor becomes detached in the case with septum. The electron temperatures are below ≤5eV for all densities. When the density is increased the inner divertor with septum detaches further, while without septum the ion saturation current can be increased up to n e = 3.6×10 19 m -3 to a highrecycling divertor. At this density of n e = 3.6×10 19 m -3 the total inner ion saturation current, meaning the total ion flux to the inner target, experiences the rollover, which is also confirmed by the rollover in the electron pressure (see figure 20) . In the end, just prior the X-point MARFE onset for both cases the inner divertor is completely detached and no difference in the ion saturation current profiles is observable. The X-point MARFE develops for both cases at a DoD peak of larger than 10 in the inner divertor. The DoD strike at the outer divertor is larger than 10 at the X-pointMARFE onset with and without septum. Very low temperatures (≤ 3eV) over a large part of the profile are only reached at this late stage, indicating conditions for volume recombination are met only then (see figure 21) . When compared to the discharges with septum and inner divertor fuelling, for main increases from 27mm to 33mm. This much higher electron density in the divertor leads also to a much shorter neutral penetration depth in the divertor, and hence increases the threshold for the onset of the X-point MARFE in comparison to the discharges with divertor fuelling.
In figure 22 the asymmetric detachment is summarized for main chamber fuelling. In contrast to the divertor fuelling the ion fluxes are more symmetric. Without septum the ion fluxes to the outer and inner target are even the same for a large density range (up to ≈ 3. becomes open, and thus unable to trap neutrals. This process is similar to the X-point MARFE onset in Helium density limit discharges [33] . Also there the ionization front is moved upstream so that the divertor structure does not matter for the X-point MARFE onset.
Without septum the detachment of the Mk-IISRP is similar to the detachment process in the open Mk-I divertor [4] . Target electron temperatures in the inner and outer divertor and also the target electron densities in the inner and outer divertor are in a similar range up to this density in the high recycling regime, as it is the case in the Mk-I divertor.
EFFECT OF SEPTUM REMOVAL ON H-MODE DISCHARGES
EFFECT OF SEPTUM REMOVAL ON TYPE-I ELMY H-MODES
Type-I ELMy H-mode discharges at 2.5MA/2.4T in high clearance equilibrium at low vertical target position (5 cm) with a low triangularity (δ ≈ 0.2), heated with neutral beams (P NBI = 12 MW)
were investigated. The plasma is fuelled either from the inner divertor or outer divertor into the private flux region with deuterium at a rate of ≈ 2×10 22 el/s so that a plasma density of n e ≈ 5.5×10 and 58853 (without septum, 21-24s outer divertor fuelling) is described. Only the inter-ELM period was analyzed. The ELM frequencies are typically in the order of 20Hz. Unfortunately no statements can be made for the ELM period itself, since most Langmuir probe measurements were not made in triple mode.
For the inner fuelled H-mode the target electron temperature on the inner divertor is higher without septum by almost a factor of 1.5 at the strike point (T e ≈ 12eV without septum and T e ≈ 7.5eV with septum). This is similar to L-mode plasmas. For outer fuelled H-modes the difference in the Te at the inner target is a factor of 2 (T e ≈ 10.8eV without septum and T e ≈ 5eV with septum).
The ion saturation current does show a small difference between the case with septum and without septum for inner fuelled discharges. Without septum the ion saturation current is slightly higher at the inner as well as at the outer divertor. This could be explained by slight differences in the two discharges. The fuelling was about 15% lower in the discharges with septum (2.15×10 22 el/s instead of 1.85×10 22 el/s), than in the discharges without septum.
This was done in order to partly compensate the higher fuelling efficiency from the inner divertor in the case with septum, when fuelling into the private flux region. Nonetheless the line-averaged density in the case with septum with inner fuelling was higher than the targeted n e ≈ 5.
The higher fuelling efficiency from the inner divertor is leading to a about 10-20% higher lineaveraged density in the plasma, when compared to outer divertor fuelled discharges in the gas box divertor with the septum in place. This increased fuelling efficiency from the inner divertor disappears, when the septum is removed. This is of course trivial, since the private flux regions of the inner and outer divertor were reunified, when the septum was removed.
In the case of outer divertor fuelling the differences between discharges with and without septum at the inner as well as at outer divertor are minimal (see figure 24) . The sub-divertor pressure does not show a large difference. On average the sub-divertor pressure is about 10% higher in discharges without septum for vertical target configurations and about 20% higher in discharges without septum for corner configuration, when compared to the related discharges with septum (see figure 25 ). This is somehow similar to the comparisons of the different divertors [35] , which shows that the sub-divertor pressure does not increase with increasing divertor closure in H-mode plasmas. The penning gauge in the private flux region of the outer divertor does show significant differences in the pressure though. Generally the pressure is higher by almost a factor of 2 in the discharges with septum (see figure 26) . With septum the pressure in the outer divertor is surprisingly higher, when fuelled from the inner divertor. This effect is most pronounced in corner configurations, where pumping is maximized. Table 1 lists the ratio of the outer divertor neutral pressure with fuelling from the inner (if) and the outer (of) divertor (pifN/pofN ).
Without septum this ratio is significant smaller.
As shown above, the divertor plasma of the type-I ELMy H-mode is only marginally influenced by the septum removal, although the target electron temperatures are lower with the septum in place. However, with the septum in place the fuelling efficiencies are different, which can have an impact on the main plasma and its performance. In figure 27 the confinement enhancement factor H 98(y,2) is plotted versus the normalized Greenwald density. The most noticeable difference is seen for the inner divertor fuelled discharges with the septum in place. Due to the higher fuelling efficiency, although the fuelling was reduced for those discharges by about 15%, the density is higher by 10-20%. As a consequence the confinement is degraded by as much as 10%. After septum removal of course no difference is noticed in the fuelling efficiency for inner or outer divertor fuelling into the private flux region. Hence, the confinement does not show any difference between those two fuelling cases with the septum removed either. The confinement for the outer divertor fuelled discharges with septum and the divertor fuelled discharges without septum is the same with a non-degraded H 98(y,2) of about 1. Those results are also reflected in the change of the ELM frequency versus the deuterium fuelling rate. Clearly, fuelling from the inner divertor leads to a higher ELM frequency of 20-30%. This is true for the case with septum as well as without septum. It should be mentioned though that for the case with septum Corner as well as Vertical Target configurations were considered.
Without septum only Corner configurations were considered for the determination of the ELM frequency, since the discharges with Vertical Target encountered a mixture of type-I ELMs and compound ELMs making a fair comparison difficult. It is believed that a de-conditioned vertical target is the reason for this odd ELM behaviour.
In addition a systematic difference in the Z eff is observed. Without septum the Z eff is higher, similar as in the L-mode density limit discharges. However, it is not apparent that this difference is due to the septum removal. It is rather related to a general different machine condition. Most of the experiments without septum were carried out in the campaign C7 after accidental air ingress at Pulse No's: 57686 and 58037. Comparisons of the VUV emission of OVI indicate a systematic difference between the campaigns C4 and C7 of a about a factor of 2.
The septum has also an influence on the L-H power threshold. It was found that for closed divertor configurations with septum the L-H power threshold is reduced [40] .
EFFECT OF SEPTUM REMOVAL ON STRONGLY RADIATING TYPE-III ELMY H-MODES
In the previous section it was shown that the divertor closure had only a minor influence on type-I ELMy H-modes. However one reason for the installation of the closed Mk-IIGB (installed in 1998) was to increase the divertor radiation with respect to the total radiation and to reduce the plasma core pollution with extrinsic impurities. In this section strongly radiating type-III ELMy H-modes are discussed, which are the target scenario for a detached H-mode operation [36, 22] . This scenario is similar to the CDH-mode found at ASDEX-Upgrade [37] . It has been demonstrated that the inner divertor in those radiating type-III ELMy H-modes is completely detached in-between ELMs, while the outer divertor is partially detached only in-between ELMs [38, 4] . During the ELMs the plasma is attached, unless the very high radiative power fractions are reached and a so-called ELM mitigation effect is noticable on the inner divertor target [38] . A comparison of the MK-IIGB with the more open predecessors revealed slight differences in the detachment process. As previously noted [22] and [38] , the detachment becomes more pronounced as the divertor becomes more closed. The radiative power fraction at the onset of complete detachment (DoD int ≥ 10) is decreasing with increasing divertor closure (see table 2 ). Similarly the maximum achieved degree of detachment is increasing significant with increasing divertor closure. Though, the onset of the detachment with respect to the Greenwald number [39] N GW = n e /n e GW is unaffected by the divertor closure.
As in the L-mode density limit experiments and the type-I ELMy H-mode studies the effect of the septum was studied in the radiation cooled discharges with differential gas fuelling. Figure 28 shows such a type-III ELMy H-mode discharges at 2.5MA/2.4T in high clearance equilibrium at low vertical target position (5cm) with a low triangularity (δ ≈ 0.2), heated with neutral beams (P NBI = 10.5MW). The plasma is fuelled with nitrogen to reach a radiative power fraction of f rad ≈ 0.9. Simultaneously the plasma is fuelled with deuterium to reach a Greenwald number of about N GW = 0.85. In the period of 15s to 20s the plasma is fuelled from the inner divertor and in the period of 20s to 24s the plasma is fuelled from the outer divertor. Nitrogen is fuelled into the private flux region, while deuterium is fuelled into the SOL in those low vertical target plasma configurations.
The fuelling rate is adjusted for the different fuelling efficiencies. Meaning, the fuelling is trimmed so that the line-averaged density and the radiated power are the same for both discharge intervals.
However, as can be seen in figure 28 the core nitrogen concentration is increasing significantly, when nitrogen is fuelled from the inner divertor. This difference is also noticed on the Zeff measurement. A reason could be a different penetration depth of the nitrogen impurity neutrals into the divertor and main plasma. Details of the Langmuir Probe inter-ELM measurements reveal that the target electron density differs significantly at the inner and outer divertor, while the target electron temperature is quite similar. The target electron density on the inner target during inner divertor fuelling (at 19s) is about 0.5-1×10 18 m -3 , while the target electron density on the outer target during outer divertor fuelling (23s) is with about 0.5-1×10 19 m -3 an order of magnitude higher. For both cases the target electron temperature is in the range of 2-4eV. However, it should be stated that electron temperatures below 3eV are difficult to measure with Langmuir probes, so that it might be that there is also a difference in Te between the inner and outer target.
When the septum was removed those nitrogen seeded discharges were repeated. Generally, no difference in the radiation distribution, when the X-point MARFE is formed, was observed (see figure 29 ). The divertor target densities, temperatures and ion saturation current did not change significantly when compared to the septum cases. Also in the case without septum the target electron density is an order of magnitude higher on the outer target than on the inner target. The nitrogen fuelling from the inner divertor leads to similar Z eff . With and without septum radiative power fractions of almost 100% can be reached. This is consistent with earlier observations, showing that there is no systematic difference in the max. achievable radiative power fraction for the different divertors Mk-I, Mk-IIA, Mk-IIAP and Mk-IIGB [38] .
The sub divertor pressure does reveal some difference in the pumping of the divertor for the highly radiating type-III ELMy H-mode plasmas. With septum clearly a better pumping is observed, when the divertor is fuelled from the inner divertor (see figure 30 . Unfortunately, systematic studies on the effect of the fuelling location on the pumping in those higly radiating plasmas have not been carried without septum. However, at higher densities there seems to be little difference in the pumping for discharges with and without septum. Again, at high densities when the ionization front is moved upstream little difference between discharges with and without septum are observed.
Similar effects are observed for the neutral density in the outer divertor. Figure 31 shows the neutral density in the divertor for radiating type-III ELMy H-modes in comparison to discharges with compound ELMs (type-I ELMs followed by type-III ELMs) and type-I ELMs. The type-III ELMy H-modes have a factor of 10 higher neutral density in the divertor, as expected, due to their higher particle fluxes into the divertor. With septum, in the medium electron density range, a higher neutral density is observed in the type-III ELMy H-modes, when compared to similar discharges without septum. This difference disappears in high density detached plasmas, where the ionization front is moved upstream. The fuelling location seems to have no influence on the neutral density in those type-III ELMy H-modes.
The increased neutral density in the divertor might have some impact on the detachment process.
Looking into the degree of detachment in a a flux tube, which is 9mm in the SOL in the inner divertor reveals some modest increase of detachment when the septum is present (see figure).
DISCUSSION
DETACHMENT
The septum does lead to a higher retention of neutrals in the divertor and lower target electron temperatures at the inner and outer divertor, both in L-mode plasmas and H-mode plasmas. In addition, the target electron density is reduced at the inner divertor, both in L-mode plasmas and in H-mode plasmas. This has an impact on the penetration depth of neutrals into the divertor and main plasma and leads to a significant different detachment process in the L-mode plasmas and a higher fuelling efficiency in the H-mode plasmas.
Due to this asymmetric detachment behaviour, detachment of the outer divertor is difficult to achieve. For main chamber fuelling and without septum the ion fluxes to the divertor are more symmetric. However the rollover of the ion fluxes appears at higher densities than with septum.
Symmetric and a early detachment of the outer divertor is only achieved in the Mk-IIGB with septum, when the plasma is fuelled from the outer divertor. This seems to be also the best scenario to create a radiative divertor plasma without too much plasma core pollution.
Some 2D modelling with the B2-Eirene code package was performed [41] . L-mode discharges with and without septum were compared. Some influence on the communication of the neutrals was observed, when the septum was introduced. But the overall changes were marginal. The general asymmetric detachment behaviour was not reproduced. Also the influence of the fuelling location with and without septum on the detachment behaviour was not reproduced. Most of the 2D modelling attempts do not cover the private flux region properly. Neutrals are modelled, but it is assumed that no plasma is present.
DENSITY LIMIT
The experiments did also lead to new insights into the L-mode density limit physics. The L-mode density limit was described at JET as a result of detachment [21] . The threshold condition is thought to be the onset of a thermal instability or X-point MARFE [42] . However, in the previous chapters it was demonstrated that the final density limit is not limited by this X-point MARFE. After the Xpoint MARFE has been formed the density can be further increased until a Wall-MARFE appears.
This is true for the central line-averaged density and the edge density (see also figure 7 ). The final L-mode density limit is determined by the onset of the Wall-MARFE.
Futhermore, it seems that the X-pointMARFE forms, when the neutral penetration depth is large enough to reach the separatrix (i.e. X-point). This means that the mean free path (λ * n-i ) of neutrals with respect to ion-neutral collisions is close to the distance of target to X-point, sin ψ 0 × l x /λ * n-i = 1, with l x the distance between the divertor target and X-point along B and »0 the average pitch angle of B in the divertor. This contradicts the condition sin ψ 0 × l x /λ * n-i << 1 in reference [21] . Similar results were obtained in Helium density limit experiments at JET [33] . In those experiments the neutral Helium penetration depth is large enough to leave the divertor area. This explains why the septum does not have a strong impact on the onset of the X-point MARFE, although details in the detachment and in particular the ion-neutral collisions can be very different. However, the experiments with the upward moved strike zones (open divertor magnetic configuration) show an increased density threshold for the X-point MARFE onset. The reason for this could be a leakage of neutrals in the far SOL.It was also shown above, that the wall temperature has a strong effect on the X-point MARFE onset.
It was shown that the local carbon chemical erosion is increased at higher divertor target temperatures. This increased carbon flux leads to a reduced threshold of the X-point MARFE onset, although the momentum transport is not influenced to any significant extend. It is thus assumed that the increased carbon flux from the inner divertor to the X-point leads to a lower threshold for the development of a thermal instability at the X-point. Altogether, this puts doubts on the density limit model proposed in [21] . The benchmarking of this analytical model for the density limit against B2-Eirene calculations is questionable, since, as discussed above, the strong asymmetric detachment occurring in theMk-IIGB divertor experiments cannot be reproduced by the modelling.
CONCLUSIONS
Having assessed the influence of the septum plate in the JET gas box divertor on plasma behaviour, specifically divertor detachment, density limit and global energy confinement, we conclude that this effect is at best modest, and (under L-mode conditions) appears to be limited to medium density regime. The presence of the septum enhances the asymmetries in the detachment process, when observed in L-mode density ramps, facilitating detachment of the inner divertor -indeed, it excludes the high recycling inner divertor regime altogether, which is only found in the open divertor (without septum) configuration. On the other hand, the operational limits in terms of density limit and radiative collapse are not influenced by divertor closure (presence/absence of the septum). This is mainly due to the motion of the ionization front further towards the X-point, which naturally tends to increase the effective divertor closure (defined in terms of the neutral trapping fraction), so that the septum can no longer influence the neutral particle dynamics. This explains why the presence/ absence of the septum did not influence the onset of X-point MARFEs. Similar differences were observed under H-mode conditions. In particular, the neutral density in the divertor was strongly enhanced by the presence of the septum. This increased neutral compression is the likely explanation for the reduction of both inner and outer target electron temperatures (in between ELMs) by roughly a factor of 2. On the other hand, there is little, if any, effect on global plasma performance. Only the fuelling efficiency was increased by the presence of the septum, which had an indirect effect on global energy confinement.
One of the challenges for ITER operation is the achievement of (partial) divertor detachment in both divertor legs. The JET experiments with and without septum indicate that such a symmetric detachment (with comparable particle fluxes to both divertor targets) requires active fuelling from the outer divertor when the septum is present; in its absence main chamber fuelling appears to suffice. This makes for a favourable prediction (modest detachment asymmetries) for ITER, where the divertor dome can be viewed as a 'septumless' configuration and main chamber fueling (via pellet injection) is the most likely fuelling method. 
